Objective: The objective of this study was to determine the association between preoperative nutritional status and postoperative outcomes in children undergoing surgery for congenital heart defects (CHD).
Critical illness, like many forms of stress, can affect nutritional homeostasis, such as overall energy requirements and caloric intake and losses. 1 It is well established that malnutrition is associated with poor outcomes in critically ill adults. Contributing factors include malnutritioninduced myocardial dysfunction, vascular endothelial dysfunction, skeletal muscle atrophy, immunosuppression, insulin resistance, and lipolysis. [2] [3] [4] [5] Under the stress of critical illness, malnutrition poses an even greater risk to children because, beyond increased metabolic demand from surgery or disease, there is an increased demand for growth and neurodevelopment. 6 In fact, malnutrition is one of the most common comorbid conditions in pediatric intensive care units, present in $20% of U.S. pediatric intensive care unit admissions. 7 Several studies demonstrate that the ability of a child to recover after surgery is highly dependent on adequate nutrition. 8 This is a major factor in children presenting for congenital heart surgery, in which preexisting malnutrition related to cardiac illness, prior hospitalizations, or socioeconomic factors are common. Furthermore, changes in metabolism resulting from surgery are often underestimated. [2] [3] [4] [5] These surgical, stress-induced catabolic responses often result in poor wound healing, myocardial dysfunction, and vascular endothelial dysfunction, and may be exacerbated by poor nutrition. [2] [3] [4] [5] Despite this, the potential effect of preoperative nutritional status in children with congenital heart disease (CHD) on clinical outcomes remains unclear.
The severity of CHD is linked closely to worse postoperative outcomes. For example, Clancy and colleagues 9 generated a preoperative risk-of-death prediction model for children undergoing cardiac surgery, demonstrating that cardiac anatomy (single-vs. 2-ventricle repair with or without arch obstruction) was associated highly with postoperative mortality risk. Likewise, the severity of CHD leads to worse nutritional status, particularly when increased pulmonary blood flow, severe cyanosis, and/or pulmonary arterial hypertension are present. 10 Mechanisms for this association include decreased caloric intake, increased energy expenditure secondary to cardiac failure and/or increased work of breathing, and malabsorption, secondary to poor cardiac output, altered gastrointestinal function, or increased right-sided heart pressure. 5 However, prospective studies of the relationship between nutritional status and postsurgical outcomes in CHD are lacking.
We sought to assess the impact of preoperative nutritional status on postoperative outcomes in children undergoing surgery for CHD. We hypothesized that poor nutritional status is associated with worse postoperative outcomes in children with CHD. We evaluated the relationship between preoperative anthropometric and laboratory measures of nutritional status and 30-day mortality, intensive care unit (ICU) length of stay (LOS), duration of mechanical ventilation, and duration of continuous inotropic support. To determine the effect of preoperative malnutrition on myocardial performance, we examined the relationship between measures of nutritional status and the duration of inotropic support and preoperative plasma B-type natriuretic peptide (BNP) levels.
METHODS

Design and Subjects
We performed a 2-center, prospective cohort study at the University of California at San Francisco (UCSF), a resource-abundant tertiary pediatric cardiac intensive care unit (PCICU), and La Unidad de Cirugia Cardiovascular de Guatemala (UNICAR), a resource-limited PCICU in Guatemala City. We enrolled 71 children admitted to the PCICU after surgical repair of CHD: 41 at UCSF and 30 at UNICAR. All term children<5 years old, male and female, with a Risk Adjustment for Surgery for Congenital Heart Disease Score (RACHS) of 3 were eligible for enrollment. We used the RACHS to adjust for baseline risk differences. The RACHS is a well-validated measure of in-hospital mortality risk, with higher scores indicating greater risk (range, 1-6). 11 We excluded children if they had a RACHS >3, a known genetic syndrome, acute and/or chronic extracardiac illnesses, or a hospitalization for>10 days prior to surgery exclusively for nutritional support. The a priori restriction of higher RACHS scores was an attempt to achieve comparable surgical severity between study sites.
The study was approved by the institutional review boards at UCSF and UNICAR. Written informed consent was obtained from the guardians of all subjects.
Predictor Variables
We recorded preoperative anthropometric measures of nutritional status. Specifically, we measured triceps skin fold, a direct measure of peripheral fat mass and an indirect measure of total body fat mass. We used a calibrated Lange skin-fold caliper (Santa Cruz, Calif) by picking up the triceps skin fold between the thumb and forefinger over the posterior surface of the triceps muscle in a vertical line passing upward from the olecranon in the axis of the limb and at the midpoint between the tips of the acromial process and the olecranon. We took measurements while the arm was hanging relaxed at the subject's side. 12 To minimize intraobserver measurement variation, we applied the jaws 3 times per subject and recorded the mean of the 3 measurements. To minimize interobserver variation, we limited trained observers to 2 at UCSF and 1 at UNICAR. We assigned all subjects a World Health Organization (WHO) triceps skinfold-for-age z score (TSFZ) based on the WHO growth charts. World Health Organization z scores provide a single international standard that represents the best description of physiologic growth for all children from birth to 5 years of age. 13 We recorded preoperative laboratory measures of nutritional status, including serum prealbumin, a marker of acute malnourishment, and serum albumin, a marker of chronic malnourishment. Prealbumin, also known as transthyretin, has a half-life of $2 days, making it more sensitive than albumin to short-term changes in protein energy status. Its concentration closely reflects recent dietary intake.
14 Albumin has a serum half-life of approximately 20 days and is a reflection of long-term protein nutritional adequacy. 15 All preoperative labs were drawn from an indwelling central venous or arterial catheter in the operating room prior to the start of surgery and after !6 hours of fasting time. Samples were stored at or below À30 C until the time of processing. Range of freezer time for the samples was 7 to 90 days.
Outcome Variables Preoperative outcome. We obtained preoperative plasma BNP levels, a laboratory measure of myocardial stress, with the Triage Meter Plus (Biosite Diagnostic, San Diego, Calif) as described previously. 16 Postoperative outcomes. We followed all study patients throughout their postoperative course and recorded the following outcomes: 30-day mortality, ICU LOS, duration of mechanical ventilation, and duration of continuous inotropic infusions. There are no strict criteria for the use of mechanical ventilation and inotrope infusions at either institution. However, given the potential deleterious effects of prolonged mechanical ventilation, UCSF institutional practice is to separate patients 
Data Collection and Management
Study data were collected prospectively and managed using Research Electronic Data Capture electronic data capture tools (Nashville, Tenn) hosted at UCSF. 17 
Statistical Analysis
We analyzed group differences using the Wilcoxon rank sum test for nonparametric data and the t test for parametric data. We used simple and multivariate logistic regression to study correlations between the continuous predictor variable, TSFZ, and the binary outcome variable, 30-day mortality. Next, we fit simple and multivariate linear regression models to study correlations between the continuous predictor variables (TSFZ, serum prealbumin, and albumin), and continuous clinical outcome variables (ICU LOS, duration of mechanical ventilation, duration of continuous inotropic infusions, and plasma BNP levels).
Multivariate linear regression models were created a priori based on the well-documented risk factors for poor outcomes after pediatric congenital heart surgery (age, gender, cardiopulmonary bypass [CPB] time, and RACHS). 11 As a result of the relatively limited cohort size, we restricted the number of covariates in these models. 18 We did not use both predictors of disease severity, CPB and RACHS, in the same model because of colinearity. Cardiopulmonary bypass time was used as a risk predictor for all postoperative outcomes. The RACHS was used as a risk predictor for the outcome, BNP, because this outcome occurred prior to CPB. The addition of age and gender to the majority of the models had little to no material effect on point estimates; however, they were retained for face validity. We stratified all analyses by study site (UCSF and UNICAR), as a result of differences in baseline characteristics. Because all 5 deaths at UNICAR occurred either in the operating room or within a few hours after surgery, they were excluded from the analysis of all postoperative outcomes except 30-day mortality.
Assessment of Regression Model
We assessed the assumptions inherent in multipredictor linear models. Specifically, we evaluated model linearity, normality, constant variance, and absence of outlying, high-leverage, and influential points. B-type natriuretic peptide was log-transformed, which resulted in an even distribution of the residuals. Statistical analyses were performed using STATA 12 (College Station, Tex), with differences considered significant when 2-sided P values were <.05.
RESULTS
When comparing patients at UCSF (n ¼ 41) and UNICAR (n ¼ 30), there was a trend toward older age at surgery at UNICAR, but this did not reach significance. Patients had significantly lower total body fat mass measured as TSFZ at UNICAR, but the surgical procedures at UCSF were distributed toward higher RACHSs (Table 1 ). All deaths occurred at UNICAR (n ¼ 5). Despite the increased mortality, median ICU LOS and median duration of continuous inotropes were shorter at UNICAR compared with UCSF, suggesting a different postoperative ICU approach with increased disease severity ( Table 2) . In fact, all deaths occurred either in the operating room or within a few hours of arrival to the ICU, with equivalent ventilator and inotropic support duration.
Although there was no statistically significant association between 30-day mortality and total body fat mass, measured by TSFZ, in the unadjusted and adjusted analysis (unadjusted: odds ratio, 2.7; P ¼ .28; 95% confidence interval [CI], 0.4-16.7; adjusted for age, gender, and severity of heart disease measured as CPB: odds ratio, 5.2; P ¼ .2; 95% CI, 0.3-80), the positive direction and range of the CI suggests that the existence of a true association between these variables cannot be ruled out. Table 3 shows both the unadjusted and adjusted regression analyses of total body fat mass, measured by TSFZ, and clinical outcomes, stratified by study site. There were no statistically significant relationships at UNICAR (P < .05). However, at UCSF, after adjustment for age, gender, and CPB time, an increase in TSFZ was associated with decreased ICU LOS, decreased duration of mechanical ventilation, decreased duration of dopamine infusion, and decreased duration of milrinone infusion.
As an assessment of the relationship between nutritional status and indicators of myocardial function, we analyzed the relationship between total body fat mass, and serum prealbumin and albumin (indices of acute and chronic malnutrition, respectively) with preoperative plasma BNP and the duration of any inotropic infusion (dopamine, milrinone, epinephrine, norepinephrine, and dobutamine). Before and after adjustment for severity of heart disease (RACHS used for BNP; CPB time used for duration of inotropic infusions), the association between total body fat mass and log BNP was significant at UCSF, demonstrating a 31% decrease in BNP level for every 1 unit increase in TSFZ (Table 4, Figure 1 ). Although the direction of this relationship was the same in the UNICAR group, it did not reach statistical significance. Similarly, after adjustment for age, gender, and CPB time, duration of any continuous inotrope infusion increased with a decrease in TSFZ, paralleling the relationship seen between total body fat mass and BNP (Table 4, Figure 2 ). Again, results were significant only at UCSF. Before and after adjusting for the RACHS, a higher serum prealbumin level was associated with a decrease in BNP and a decrease in duration of dopamine infusion (Table 4) . Last, using the serum albumin level as a marker of chronic malnourishment, we found that, after adjustment for the RACHS, a higher albumin level was associated with a decrease in BNP. There was an overall trend in the adjusted analysis toward decreased duration of dopamine requirement with higher serum albumin levels; however, this did not reach statistical significance (Table 4) .
DISCUSSION
In this study, we found that lower total body fat mass as well as acute and chronic indices of malnourishment are associated with worse clinical outcomes in children undergoing surgery for CHD at UCSF. Specifically, the UCSF cohort demonstrated an increase in ICU LOS and duration of mechanical ventilation as anthropometric measures of total body fat mass decreased. Among the UCSF subjects, duration of inotropic support and plasma BNP levels increased concomitantly as measures of nutritional status decreased, supporting the hypothesis that malnourishment is associated with decreased perioperative myocardial function.
Lower weight-for-age and weight-for-height have been reported to be associated with poor outcomes in critical care. Okoromah and colleagues 19 described a 41% prevalence of ''wasting,'' described as a WHO weight-for-height z score of <À2, among pediatric cardiac patients in a tertiary teaching hospital in Lagos, Nigeria. Specifically within CHD, malnutrition defined by traditional anthropometry, total body weight and/or plasma protein status, has been linked to increased morbidity and mortality, as indicated by frequent hospitalization, poor surgical outcomes, persistent impairment of somatic growth, and increased death. 20 Polat and colleagues 21 found that a lower body mass index (BMI) was associated with impaired postoperative hemodynamic status as well as more long-term failures in gross motor, fine motor, and language skills. Unfortunately, these commonly used anthropometric measures of nutritional status, such as weight-for-length or BMI, are not able to assess the distribution of major components of body weight: fat, lean body mass, and fluid body content. 22 That is, BMI tends to overestimate body fat in people with increased lean body mass or those who have edema. Conversely, BMI underestimates body fat in people with muscle mass loss, such as children with chronic illness. Statistically significant values are in bold. UCSF, University of California at San Francisco; UNICAR, La Unidad de Cirugia Cardiovascular de Guatemala; IQR, interquartile range; TSFZ, World Health Organization triceps skin-fold-for-age z score; RACHS, Risk Adjustment for Surgery for Congenital Heart Disease Score. *Analysis of variance among groups.
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To our knowledge, no studies have measured the changes in body composition in CHD and their impact on outcomes. In the setting of cardiac disease, it is unreliable to use weight and/or length/height as clinical assessments of nutrition. Total body weight may increase in patients with severe CHD who accumulate large quantities of fluid, thereby masking ongoing cachexia and/or loss of total body fat mass. Previous studies that have relied on BMI as a measure of nutritional status have not addressed the major components of body weight: lean body mass, fat, and fluid, which are particularly pertinent in the pediatric CHD population. Without assessing the distribution of body composition, it becomes difficult to know whether observed clinical outcomes are secondary to edema, cachexia, and/or loss of subcutaneous and visceral fat mass. We believe that our use of TSFZ as a measure of body fat mass is a more valuable measure of true nutritional status because it addresses one major component of total body weight, peripheral fat mass, thereby minimizing the potential for confounding by the accumulation of fluid weight seen commonly in severe heart disease. Although the majority of studies demonstrate that total body fat is associated with skin-fold thickness in obese children, prior studies have presented evidence that this association exists among healthy and underweight children. 24, 25 There have been few studies of the effect of nutritional status on myocardial function. As an indirect determination of myocardial function, we measured preoperative BNP levels and examined the association of these levels with the postoperative inotrope requirement. B-type natriuretic peptide is a 32-amino acid polypeptide hormone produced by the cardiac ventricles, and has become a well-established biomarker in cardiac disease and a routine part of the evaluation of myocardial stress. 26 Kelleher and colleagues 24 reported previously that children with hypoplastic left heart syndrome and poorer nutritional status at the time of their stage 1 Norwood procedure demonstrated worse right ventricular function by echocardiogram at the time of their Glenn procedure. Furthermore, perioperative BNP levels have been found to predict outcome-specifically, longer duration of mechanical ventilation and longer ICU stay after surgery for CHD in several disease states. [26] [27] [28] [29] [30] [31] Our study's demonstration of the correlation between poorer nutritional status and increased BNP levels as well as longer duration of inotropic infusions supports prior observations that nutritional status is linked closely to myocardial function. In the UCSF cohort, the children with lower nutritional status and higher BNP levels did not routinely demonstrate clinical evidence of decreased cardiac performance such as low cardiac output syndrome or the need for extracorporeal life support. However, inotropic support was higher in these patients, which could have prevented or masked the clinical manifestations of increased cardiac stress. Although the association between nutrition and BNP levels did not reach statistical significance in the UNICAR cohort (P>.05), the direction of the trend was similar to that seen at UCSF.
In the current study, BNP appears to be a marker of myocardial stress in the setting of childhood malnutrition because the association between preoperative BNP levels and nutritional status mirrors that observed between duration of inotropic infusions and nutritional status. However, multiple recent adult studies have elucidated an inverse relationship between BNP and BMI. This correlation is even stronger when using measures of either fat mass or lean body mass in lieu of BMI. Multiple factors may contribute to this correlation, including increased metabolism of BNP by adipose tissue, inflammatory cytokine levels, endogenous and exogenous alpha-adrenergic agents, and levels of sex hormones. This has been termed the natriuretic handicap, and suggests that BNP levels may not be a reliable biomarker of myocardial performance in the setting of severe nutritional abnormalities. 32 However, the focus has been uniformly on adult obesity, with no investigation of this correlation among children with CHD. Because the response of the cardiac endocrine system is the product of several, often opposing, physiologic interactions, this potential relationship becomes an important consideration when faced with the task of interpreting BNP levels in the clinical setting of moderate to severe Log BNP, pl/mL World Health Organization triceps skinfold-for-age z score P = .045 , FIGURE 1. Association between total body fat mass (World Health Organization triceps skin-fold-for-age z score) and log-transformed preoperative plasma B-type natriuretic peptide (BNP) levels at the University of California at San Francisco (UCSF; n ¼ 41) and La Unidad de Cirugia Cardiovascular de Guatemala (UNICAR; n ¼ 30) after adjustment for age, gender, and Risk Adjustment for Surgery for Congenital Heart Disease Score (RACHS). P ¼ .045. malnutrition or obesity. Therefore, the relationship between anthropometric measures and BNP warrant further study. There were several important differences noted between the UCSF and UNICAR study populations. For example, the associations between outcomes and nutritional status (lower TSFZ, acute and chronic malnourishment) were strikingly stronger at UCSF compared with UNICAR. We believe that, by fitting our multivariate models with either the RACHS or CPB time as predictors, we minimized adequately the potential for an effect-cause phenomenon (ie, the outcome causes the predictor). That is, the model was constructed to isolate the impact of nutrition on postoperative outcomes, independent of the severity of heart disease. Weaker associations between nutritional status and outcomes in the UNICAR cohort may be related, in large part, to the differential approach to inotrope use and the lack of escalation of care as patients' clinical status worsened. Despite increased 30-day mortality and documented evidence of low cardiac output syndrome and capillary leak syndrome in multiple patients, the treatment of these patients was not intensified with new and/or additional continuous inotropes, delay of extubation, reintubation, and/or prolonged ICU LOS. 33 This decreased variability in clinical outcomes in the UNICAR cohort may have influenced the findings. As a result of the decreased accessibility of care, it is possible that severely malnourished patients with CHD die prior to presenting to the hospital. Similarly, because ICU LOS and interventions were not altered by severity of clinical status, it is possible that many patients die earlier after hospital discharge. We speculate that more long-term outcomes are superior measures of the effects of nutritional status after surgery for CHD in resource-limited populations, but this warrants further study. The inclusion of 2 very different sites is crucial because it demonstrates how different populations may have different responses to malnourishment. The reasons for these different responses could be embedded in differences in several factors, including genetics, diet, and micronutrient status. For example, it is possible that other unmeasured factors, such as micronutrient status, play a crucial role in the endocrine response to myocardial dysfunction in the setting of malnutrition. Last, center-specific practice styles and/or surgical styles may play a role in the difference in results by study center. Regardless of the underlying causes of the differing associations between cohorts, our data support the idea that a successful nutrition-based intervention in the CHD population at one site may not be successful at another site.
There are limitations to our study that merit discussion. Although this is a pilot study, the small sample size was a limiting factor in interpretation of associations between nutritional status and outcomes, particularly because of the loss of power incurred by our stratification by study site and fewer outcomes at UNICAR. Specifically, although the statistical analysis of the association between 30-day mortality and total body fat mass at UNICAR yielded a statistically nonsignificant P value of .2, the effect size of 5.2 combined with the markedly positive 95% CI, raises the question of whether a true association between these factors exists that our study was not powered adequately to detect. In addition, some of the significant associations had relatively weak correlations, making it reasonable to interpret the results cautiously. Furthermore, the lack of
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World Health Organization triceps skinfold-for-age z score P = .012 , FIGURE 2. Association between total body fat mass (World Health Organization triceps skin-fold-for-age z score) and postoperative duration of any continuous inotropic infusions at the University of California at San Francisco (UCSF; n ¼ 41) and La Unidad de Cirugia Cardiovascular de Guatemala (UNI-CAR; n ¼ 30) after adjustment for age, gender, and cardiopulmonary bypass (CPB) time. P ¼ .012. a large number of severely malnourished subjects in either cohort further reduced the statistical power of the study.
The cardiac population is the most homogeneous group of patients in a pediatric ICU setting. However, there was a wide range of congenital heart lesions included in the study. We attempted to adjust for severity of heart disease with the RACHSs and CPB time. However, there are inherent physiologic differences between right-to-left shunting lesions and left-to-right shunting lesions. For example, we know that the amount of pulmonary blood flow is associated with postsurgical outcomes. 34 If, in fact, the amount of pulmonary blood flow has a causal relationship to nutritional status, these differences could constitute an unmeasured confounder in this study. Unfortunately, given the small sample size, adjustments in baseline physiologic parameters could not be attempted.
Last, although TSFZ is superior to BMI, it has limitations. Specifically, this method only measures one type of fat: subcutaneous adipose tissue (fat under the skin). Two individuals might have nearly identical measurements at all the skin-fold sites, yet differ greatly in their body fat levels as a result of differences in other body fat deposits such as visceral adipose tissue (fat in the abdominal cavity). There is a need for studies using 4-compartment techniques that allow for the measurement of fat, fat-free mass, bone mineral content, total body water, extracellular water, total adipose tissue and its deposits (visceral, subcutaneous, and intermuscular), skeletal muscle, select organs, and ectopic fat deposits. Clinicians can quantify a number of body components and, with longitudinal assessment, can track changes in health and disease with implications for understanding efficacy of nutritional and clinical interventions, diagnosis, prevention, and treatment in clinical settings. 23, 32 In summary, we describe the first prospective study that investigated concomitantly the effect of nutritional status on clinical outcomes in children undergoing surgery for CHD in 2 differing subpopulations: (1) UCSF, a resourceabundant cohort, and (2) UNICAR, a resource-limited cohort. In this design, we demonstrate robustly the subpopulation-based variability that exists in the associations between preoperative nutritional status and perioperative outcomes. In addition to resource availability, we speculate that this expected variability was a result, in part, of differences in clinical practice norms. We observed that lower total body fat mass as well as acute and chronic malnourishment were associated with worse clinical outcomes and indices of myocardial performance in children undergoing surgery for CHD. These results suggest that clinicians and surgeons should consider carefully a child's nutritional status when planning nonemergency surgery for CHD and when counseling parents about potential risks of surgery. Specifically, the observed increase in postoperative complications is worrisome because of its potential detrimental effects on long-term growth and neurodevelopment. The potential increased costs of this subpopulation of children with CHD is concerning as well. These findings, in conjunction with previous observations of longer hospital stays and higher rates of readmissions among malnourished children undergoing surgery for CHD, support the notion that efforts to facilitate effective preoperative interventions to improve nutrition and patient outcomes are warranted. 35 The implications for patient outcomes and safety related to nutrition merit continued evaluation.
